We developed a novel (S)-L-phenylalanine derived-bidentate chiral diaminophosphine oxide (DIAPHOX) preligand (S,S P )-9b, which was successfully applied to Pd-catalyzed asymmetric allylic alkylation and amination. Using the Pd-(S,S P )-9b catalyst system, asymmetric allylic alkylation and amination proceeded very smoothly, affording the corresponding products in excellent yield with high enantiomeric excess. It is noteworthy that both enantiomers were accessible with high enantiomeric purity using the structurally related DIAPHOX preligands (S,S P )-9b and a monodentate chiral diaminophosphine oxide preligand (S,R P )-10a, both of which can be prepared from a single chiral source, (S)-L-phenylalanine.
Pd-catalyzed asymmetric allylic substitutions have received considerable attention as useful asymmetric carboncarbon bond or carbon-heteroatom bond-forming reactions, where racemic or achiral allylic substrates can be converted into optically active products in the presence of a palladium-chiral ligand complex. Extensive efforts have been directed towards the development of effective chiral ligands for this transformation. [1] [2] [3] Over the past two decades, we have focused on the development of chiral phosphorus ligands for transition metal-catalyzed asymmetric allylic substitutions. [4] [5] [6] [7] In 2004, we developed a new class of chiral phosphorus ligands: aspartic acid-derived P-chiral diaminophosphine oxide 1 and its derivatives (DIAPHOXs). These pentavalent phosphorus compounds, preligands, are activated in situ by N,O-bis(trimethysilyl)acetamide (BSA) induced P(V)-P(III) tautomerization to afford trivalent phosphorus species such as 2, which function as actual ligands (Chart 1). These preligands have been successfully applied to Pd-and Ir-catalyzed asymmetric allylic substitution reactions. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Detailed investigations into the reaction mechanism using a Pd-catalyzed asymmetric allylic alkylation of 1,3-diphenylallyl acetate with dimethyl malonate revealed that complex 3 [Pd-2 (1 : 2) complex] was the active catalyst. 9) With this result in hand, we became interested in the development of bidentate P-chiral diaminophosphine oxide preligands with an achiral diphenylphosphine moiety as the second coordinating group. Herein, we report the design and synthesis of novel phenylalanine derived-bidentate P-chiral diaminophosphine oxide preligands that can be applied to Pd-catalyzed asymmetric allylic alkylation and amination.
Results and Discussion
Our ligand design is outlined in Fig. 1 . The original DI-APHOX preligands involve an arylmethylene unit on a nitrogen atom adjacent to the phosphorus atom, which is introduced by reduction of the corresponding benzamide. The commercial availability of 2-diphenylphosphinobenzoic acid led us to introduce a diphenylphosphine moiety into the DI-APHOX framework by reducing the corresponding benzamide prepared from this reagent. Thus, we set up the methylene-tethered P-chiral diaminophosphine oxide-triphenylphosphine hybrids as our target ligands. (S)-Phenylalanine was selected as the starting material to prepare both diastereomers of chiral ligands originating from the chirality of the phosphorus atom. 23) Our ligand synthesis started with commercially available N-Z-(S)-phenylalanine 4 (Chart 2). First, 4 was reacted with aniline using 1-ethyl-3-(3-diethylaminopropyl)-carbodiimide · hydrochloride (EDC) as a coupling reagent to give the corresponding anilide, which was converted into the known primary amine derivative 5 through reductive removal of the Z group (94% yield, 2 steps). Subsequent condensation of 5 with 2-diphenylphosphinobenzoic acid using 1 eq of dicyclo- hexylcarbodiimide (DCC) and 10 mol% of N,N-dimethylaminopyridine (DMAP) provided 6 in 98% yield. 24) Reduction of the amide groups of 6 using in situ-generated BH 3 afforded a mixture of the desired diamine 8 (63% yield) and the monoamine 7 (25% yield). Recovered 7 was successfully transformed into 8 in 76% yield by treating with BH 3 again (total yield of 8: 82%). Finally, the obtained diamine 8 was reacted with phosphorous trichloride in the presence of NEt 3 . After work-up by the addition of water, the obtained residue was purified by flash column chromatography to give the target compounds (S,R P )-9a and (S,S P )-9b in 27% yield and 55% yield, respectively. 25) We next used the bidentate P-chiral diaminophosphine oxides (S,R P )-9a and (S,S P )-9b as chiral phosphorus ligands for a Pd-catalyzed asymmetric allylic alkylation of 1,3-diphenylallyl acetate 11 with dimethyl malonate (Table 1) . We first examined the reaction using the corresponding monodentatetype DIAPHOX (S,R P )-10a 16) and (S,S P )-10b 16) as the control experiments. Using 1 mol% of [h 3 -C 3 H 5 PdCl] 2 and 4 mol% of (S,R P )-10a (Pd/ligandϭ1/2), 26) the reaction proceeded smoothly at 4°C to provide (S)-12 in 99% yield with 95% ee (entry 1). Using (S,S P )-10b, however, the same reaction proceeded very sluggishly, affording the product with an opposite stereochemistry in only 35% yield, even after 96 h (entry 2). In striking contrast, chiral Pd catalysts prepared using (S,R P )-9a or (S,S P )-9b effectively promoted the reaction. In particular, when the reaction was performed using 1 mol% of [h 3 -C 3 H 5 PdCl] 2 and 2 mol% of (S,S P )-9b (Pd/ligandϭ1/1) at 4°C, (R)-12 was obtained in 99% yield with 93% ee (entry 4). Conventionally, unnatural (R)-D-amino acid-derived DI-APHOX preligands, such as (R,S P )-10a, were essential to obtain products with an opposite stereochemistry to that obtained with DIAPHOXs bearing (S,R P ) configurations (entry 5). It is noteworthy that both enantiomers were accessible with high enantiomeric purity using the structurally related DIAPHOX preligands derived from a single chiral source, (S)-L-phenylalanine. The Pd-(S,S P )-9b catalyst system was also applicable to asymmetric allylic amination. When benzylamine and morpholine were utilized as nucleophiles, the corresponding products (S)-13 and (S)-14 were obtained in 96% yield with 85% ee and in 98% yield with 80% ee, respectively (Chart 3).
In conclusion, we developed a novel phenylalanine derived-bidentate chiral diaminophosphine oxide preligand (S,S P )-9b, which was successfully applied to Pd-catalyzed asymmetric allylic alkylation and amination. Both enantiomers were accessible in a highly enantioselective manner using (S,S P )-9b and (S,R P )-10a, both of which can be prepared from a single chiral source. Detailed mechanistic investigations into the present catalyst system, as well as studies on the application of bidentate-type DIAPHOX preligands to other catalytic asymmetric reactions, are in progress.
Experimental
General Infrared (IR) spectra were recorded on a JASCO Fourier transform (FT)/IR 230 Fourier transform infrared spectrophotometer, equipped with ATR (Smiths Detection, DuraSample IR II, Canada). NMR spectra were recorded on a JEOL ecp 400 spectrometer, operating at 400 MHz for 1 H-NMR, 100 MHz for 13 C-NMR, and 160 MHz for 31 P-NMR. Optical rotations were measured on a JASCO P-1020 polarimeter. Electrospray ionization (ESI) mass spectra were measured on JEOL AccuTOF LC-plus JMS-T100LP. The enantiomeric excess was determined by HPLC analysis. HPLC was performed on JASCO HPLC systems consisting of the following: pump, PU-980; detector, UV-970, measured at 254 nm. Reactions were carried out in dry solvent. Other reagents were purified by the usual methods.
Preparation of Bidentate P-Chiral Diaminophosphine Oxide (S,R P )-9a and (S,S P )-9b. Compound 6 To a stirred solution of 5 (200 mg, 0.832 mmol), which was prepared using the reported method (94% yield, 2 steps from 4), 16) Compound 8 To a stirred suspension of 6 (427.3 mg, 0.81 mmol) and NaBH 4 (184.7 mg, 4.86 mmol) in tetrahydrofuran (THF) (4.1 ml) was added a THF solution of I 2 (308.4 mg, 2.43 mmol in 4 ml of THF) at 0°C over 3 min. The reaction mixture was refluxed for 48 h, cooled to 0°C, and then 1 N HCl was added to the reaction mixture. After refluxing for 2 h, the reaction mixture was neutralized using 1 N NaOH. The organic layer was separated and aqueous layer was extracted with AcOEt. The combined organic layers were washed with water, brine, and dried over Na 2 SO 4 . After concentration under reduced pressure, the residue was purified by flash column chromatography (SiO 2 , hexane/AcOEtϭ10/1 to 2/1) to give diamine 8 (255.0 mg, 63% yield) and monoamine 7 (102.9 mg, 25% yield). 
Compound (S,R P )-9a and (S,S P )-9b
To a stirred solution of 8 (721.1 mg, 1.44 mmol) and triethylamine (0.783 ml, 5.62 mmol) in toluene (14.4 ml) at Ϫ78°C was added phosphorous trichloride (0.138 ml, 1.58 mmol) over 3 min. The reaction temperature was gradually warmed up to room temperature, and then the mixture was kept stirring for 12 h. After diluting with AcOEt, the reaction was quenched with the addition of water. The obtained mixture was washed with water, brine, and then dried over Na 2 SO 4 . After concentration in vacuo, the obtained residue was purified by flash column chromatography (SiO 2 , hexane/AcOEtϭ4/1 to 1/1) to give (S,R P )-9a (213.1 mg, 27% yield) and (S,S P )-9b (431. 8 2 (1.1 mg, 0.003 mmol), (S,S P )-9b (3.3 mg, 0.006 mmol) in CH 2 Cl 2 (1 ml) at room temperature was added BSA (222 ml, 0.90 mmol). After being stirred for 10 min at the same temperature, a CH 2 Cl 2 solution of 11 (76.0 mg, 0.30 mmol in 0.5 ml of CH 2 Cl 2 ) and dimethyl malonate (103 ml, 0.90 mmol) were added successively to the reaction at 4°C. After 30 min, the reaction was concentrated under reduced pressure. The obtained residue was purified by flash column chromatography (SiO 2 , hexane/AcOEt, 30/1) to give (R)- 12 9) (96.3 mg, 99% yield, 93% ee) as colorless oil. The enantiomeric excess was determined by HPLC analysis (DAICEL CHIRALPAK AD-H, 2-propanol/hexane 8/92, flow rate 0.5 ml/min, t R 22.9 min [(R)-isomer] and 31.8 min [(S)-isomer], detection at 254 nm).
Compound (S)-13
11)
The enantiomeric excess was determined by HPLC analysis (DAICEL CHIRALCEL OJ-H, 2-propanol/hexane 15/85, flow rate 0.4 ml/min, t R 27.1 min [(S)-isomer] and 35.3 min [(R)-isomer], detection at 254 nm).
Compound (S)-14
The enantiomeric excess was determined by HPLC analysis (DAICEL CHIRALCEL OJ-H, 2-propanol/hexane 5/95, flow rate 0. 
